ABSTRACT: Although the conspicuous epifauna of reducing environments are known to exhibit strong morphological, physiological, and nutritional adaptations for life in these habitats, it is less clear whether infaunal organisms do so as well. We examined metazoan macrofauna from methane-seep sediments on the northern California slope (500 to 525 m depth) and from seep and non-seep sediments at 3 locations on the shelf (31 to 53 m depth) to determine whether the community structure and nutritional sources of seep infauna were distinct from those in non-seep, margin sediments. Seep macrofauna consisted mainly of normal slope and shelf species found in productive settings. Several macrofaunal taxa, such as Capitella sp., Diastylopsis dawsoni, and Synidotea angulata, exhibited a preference for seeps. Other taxa, such as the amphipods Rhepoxynius abronius and R. daboius, avoided seeps. Species richness of shelf macrofauna, evaluated by rarefaction and diversity indices (H ' and J '), generally did not differ in seep and non-seep sediments. Similarly, stable isotopic composition (δ 13 C, δ 15 N) of active seep and non-seep macrofauna did not differ at the 3 shelf sites. Stable isotopic analyses of calcareous material confirmed the presence of methane-influenced pore waters at the slope study site. At one slope clam bed, macrofaunal δ 13 C signatures were lower and δ 15 N values were higher than at another clam bed, inactive slope sediments and shelf sites. However, only 1 of 14 macrofaunal taxa (a dorvilleid polychaete) exhibited isotopic evidence of chemosynthetic nutritional sources. At these sites, seep influence on the ecology of continental margin infauna appears spatially limited and relatively subtle. At their current level of activity, the northern California slope and shelf seeps appear to function as ephemeral, smallscale disturbances that are not sufficiently persistent to allow chemosynthesis-based trophic specialization by most infauna. Rather, we suggest that many of the infauna inhabiting these seep sediments are shelf and slope species preadapted to organic-rich, reducing environments. 
INTRODUCTION
Seafloor sediments provide varied environments for sediment-dwelling macrofauna (infauna). Because the physical and chemical properties of the sediments can strongly influence resident animals (McCall & Tevesz 1982) , processes that change these properties can potentially exert strong influence on infaunal communities. One such process is the venting of methane, and consequent microbially mediated oxidation, which is coupled with sulfate reduction in anaerobic environments (Beauchamp et al. 1989 , Masuzawa et al. 1992 . Since discovery of the first methane seeps (Paull et al. 1984) , seep-like environments have been found in varied settings, including subduction zones, transform faults, mass wasting sites (Hovland & Judd 1988 , Sibuet & Olu 1998 , pockmarks (Dando et al. 1991 (Dando et al. , 1994 , and around dead marine mammals (Smith et al. 1998) . These sites are characterized by the presence of reduced sulfides and methane, limited oxygen within sediments, high microbial biomass (Guezennec & Fiala 1996) , and often a characteristic epibiota that includes symbiont-bearing clams, vestimentiferan tube worms and sometimes mussels or gastropods (Hovland & Judd 1988 , Sibuet & Olu 1998 . During the past decade, a large number of sites venting cold, methane-rich fluids have been discovered along the eastern and western Pacific margins. Sites of fluid flow in near-surface Pacific sediments include the Nankai Trough and Japan Trench (Boulegue et al. 1987a ,b, Dron et al. 1987 , Sibuet et al. 1988 , Gamo et al. 1992 , Gulf of Alaska (Suess et al. 1998) , Oregon subduction zone (Han & Suess 1986 , Kulm et al. 1986 , Suess & Whiticar 1989 , northern California slope (Brewer et al. 1997 , Yun et al. 1999 , Monterey Bay (Barry et al. 1996 (Barry et al. , 1997 , accretionary prisms off Costa Rica (Zuleger et al. 1995 (Zuleger et al. , 1996 and Barbados (Olu et al. 1996b (Olu et al. , 1997 , and the Peruvian margin (Olu et al. 1996a) .
Most reports of seep fauna have focused on the larger, surface-dwelling organisms (megafauna) (reviewed in Sibuet & Olu 1998) but there are several reports of smaller infauna (Table 1) ; only a few of these examined infaunal community structure. Megafauna and macrofauna of methane seeps and pockmarks have been studied most thoroughly in shallow waters of the Santa Barbara margin (Davis & Spiess 1980 , Montagna et al. 1989 , the North Sea (Dando et al. 1991 , Jones 1993 , 1996 and the Skagerrak (Dando et al. 1994) . General patterns emerging from these studies suggest that densities of macrofauna living in seep environments may be elevated or reduced relative to non-seep conditions. In all instances where this was examined, dominance was high and species diversity was relatively low, relative to surrounding sediments. Several megafaunal or meiofaunal taxa at seeps belong to genera or families known to bear symbionts. Examples include pogonophorans, thyasirid, lucinid and vesicomyid clams, and various gutless nematodes (Table 1) .
Analyses of the natural, stable isotopic compositions of tissues (δ 13 C, δ 15 N, δ 34 S) have been used as a means to determine food sources in organisms inhabiting reducing environments (e.g., Paull et al. 1985 , Brooks et al. 1987 , Cary et al. 1989 , Schmaljohann et al. 1990 , Conway et al. 1994 ). The stable isotopic compositions (δ 13 C and δ 18 O) of carbonate skeletal material from deep-sea organisms can also be indicative of ambient temperature and chemistry conditions (Van Dover & Fry 1989 , Sen Gupta & Aharon 1994 . Large depletions of δ 13 C (-30 to -70 ‰) in the tissues of organisms, such as vestimentiferans, bivalves and gastropods, have been proposed to indicate methanotrophy or sulfide oxidation by symbionts in seep and vent taxa (Paull et al. 1985 , Brooks et al. 1987 , Van Dover & Fry 1989 . However, comparable isotopic signatures may be acquired from consumption of free-living chemosynthetic bacteria (e.g., Beggiatoa or Thioploca), or by predation on animals with endosymbionts. Plankton detrital matter and terrestrially derived organic matter are other possible food sources for continental margin seep faunas.
This paper examines the metazoan macrofauna within shelf and slope seep sediments on the Eel River margin of northern California, USA, and for the shelf assemblages, draws comparisons with non-seep faunas. The following questions are addressed: (1) Do sites of methane seepage support macrofaunal assemblages distinct from those in non-seep sediments with respect to composition and diversity? and (2) Do methane seep macrofauna derive nutrition from different sources than non-seep macrofauna? Specifically, do seep infauna utilize chemosynthetically fixed organic matter? This latter question was addressed using δ 13 C and δ 15 N analyses.
METHODS
Macrofauna were sampled from northern California methane seeps located on the continental slope at 500 to 525 m depth during October 1997 and on the shelf at 31 to 53 m depth during October 1998 (Fig. 1) . This margin is a dynamic environment subject to extensive, rapid deposition of flood-derived terrestrial sediment, episodic seismic activity characteristic of convergent margins, intense, winter-storm-induced sediment resuspension, and migration of subsurface gases and pore fluids that alter surface morphology and redistribute sediments (Alexander & Simoneau 1999 , Yun et al. 1999 . Seep samples from the slope site were collected in 5 distinct Calyptogena pacifica clam beds (40°47.08' N, 124°35.68' W) and nearby inactive areas (40°47.12' N, 124°35.61' W) with tube cores (8.3 cm inner diameter, 10 to 15 cm deep) using the ROV 'Scorpio' and Sea Cliff submersible. Macrofauna were examined from 6 clam bed cores, and from 2 cores in sediments away from clam beds (Table 2) . Seep and non-seep sediments were sampled at 3 shelf sites: 1 north of the Eureka Harbor (Site A, 50 to 53 m deep, 40°49.87' N, 124°15.95' W) and 2 south of the Harbor Table 2) . The slurp and shipek samples collected the upper 6 to 8 cm of sediment, but were considered non-quantitative for analytical purposes.
On board ship, shipek samples were designated as seep samples if sediments were black and smelled sulfidic. They were considered non-seep samples if they were brown or tan and did not smell of sulfide. Five of the shipek samples appeared to be transitional between seep and non-seep sediments (gray sediments, slight sulfide smell). These were discarded from the analysis. Slurp samples were designated as seep samples if the scientist in the submersible viewed black surface sediments and methane bubbles emerging from the collection site.
The occurrence of methane seeps is well documented for the study sites (Brewer et al. 1997 , Yun et al. 1999 . They are oriented along deep-rooted structures in the accretionary wedge (e.g., faulted anticlines) (K. Brown pers. comm.). Although modern wood debris is ubiquitous in near-surface sediments on the Eel River margin, it is refractory. Degradation of ancient terrestrial detritus is the likely methane source on the shelf, while methane hydrates are the probable source of the observed sulfidic sediments and bubbles on the slope (Brewer et al. 1997) .
On board ship, macrofauna samples were sieved on a 0.3 mm mesh and the material retained was preserved in 8% buffered formaldehyde and seawater. In the laboratory, macrofauna were sorted from sediments, counted, and identified to the lowest taxon possible. Macrofaunal diversity was examined using rarefaction analyses (Hurlbert 1971 ), the information index (H ' log 2 ), and evenness (J ') with the software Biodiversity Pro (McAleece et al. 1997) . Species count data were pooled within each station and treatment for the rarefaction analyses. Differences among sites and between seep versus non-seep sediments were examined for species composition and isotopic signatures with 1-way ANOVA or with t-tests using JMP ® software. Proportions were arcsine-transformed prior to analysis. Multivariate analyses of community composition were performed by multidimensional scaling (MDS) and analysis of similarities (ANOSIM) (on uniform numbers of replicates) using Primer software (Clarke & Warwick 1994) . Multivariate analyses were conducted on species proportions because the shipek and slurp samples did not allow accurate density estimates.
At both shelf and slope sites, some macrofauna were sorted live on board ship, counted, identified and frozen in liquid nitrogen for subsequent analyses of δ 13 C and δ 15 N (Table 2) . Isotopic analyses were conducted using a Finnigan Conflo II continuous flow system and a Fisons NA1500 elemental analyzer. Prior to combustion, all samples were acidified with 1% PtCl 2 to remove carbonates.
Surface sediments from the slope and each shelf site (0 to 2 cm deep) were frozen on board ship for later 
RESULTS

Site descriptions
Active venting of methane bubbles, visible at the sea surface and on the seabed, was observed in the 3 shelf areas sampled. Methane seepage was widespread but patchy, with discoloration of sediments (indicating sulfidic patches) on scales of decimeters to a meter. Storms during the cruise produced bottom disturbances and bedload transport over the entire study area, preventing sampling by the Delta submersible on some days. No microbial mats or typical seep epifauna were evident. Sediments often were rippled and swell troughs were present. No carbonate concretions were visible on the surface. Epifaunal flatfish, decapods, and cnidarians were abundant at Site A. Mysids, isopods and small flatfish were visible at Sites B and C.
On the slope, dense aggregations of the clam Calyptogena pacifica were observed in beds ca 15 to 100 cm 2 , often with a mix of living and dead shells. The distribution of clam beds suggested that seepage occurred in patches over at least 1 km 2 of seafloor. Sea pens, the sea star Rathbunaster californicus, and the cnidarian Anthomastus ritteri were common throughout the area, though the cnidarians were absent in clam beds. Although sediments contained fine mud and did not appear to be current swept, tidal forcing generated strong, periodic bottom currents. Bouldersized outcrops of authigenic carbonate were observed, with smaller carbonate nodules present within sediments. Rapid venting of methane bubbles was observed in a 2 m diameter depression at ca 520 m. Venting of seep fluids is indicated by pore-water profiles in 10 to 23 cm deep cores from 3 slope clam beds (clam beds 2, 3 and 4). These profiles revealed upward advection of slightly more saline, and Ca-and Mgdepleted fluids (J. Gieskes unpubl. data). However, compositional changes were relatively small, indicating that upward moving fluids mixed substantially with seawater prior to reaching the sediment-water interface.
Bottom-water and sediment properties
Bottom-water oxygen concentrations were higher on the shelf (2.74 to 2.95 ml l -1 ) than at the slope site (0.76 ± 0.02 ml l -1 ), which was at the upper boundary of the oxygen minimum zone (Table 3 ). Sediments at all sites were relatively coarse grained, but were markedly sandier at the 2 shallowest sites (B and C; 84 to 95% sand), than at Site A (63% sand) or the slope site (69% sand) (Table 3) . Correspondingly, sediment organic C content was low (<1%) at all sites, but was slightly higher in the finer-grained areas (Table 3) . No marked differences in sand content or organic matter content were evident between seep and non-seep sediments within a site.
Macrofaunal composition
Shelf settings
A total of 1269, 892, and 925 infaunal animals (excluding mysids) were examined from shelf Sites A, B, and C, respectively. Most of the macrofaunal species collected from the shelf seeps also were present in nearby non-seep sediments (Table 4 ). The assemblage collected at both seep and non-seep sites was typical for sandy shelf environments. Dominant taxa included the isopod Tecticeps convexus, the amphipod Rhepoxynius daboius, the cumacean Diastylopsis dawsoni, the gastropod Astyris gausapata, and the polychaetes Nephtys californiensis, N. cornuta, Lumbrineris sp., Amaeana occidentalis, Scoletoma tetraura, Magelona sacculata, and Mediomastus spp. (Table 4) .
Of the 201 taxa observed on the shelf, 55 were found exclusively in seep patches and 59 were found exclusively in non-seep sites (Table 4) . Seven taxa were found exclusively in seep sediments at 2 of the 3 shelf sites: Atylus tridens, Cheirimedeia zotea, Lampropidae, Photis brevipes, Spiochaetopterus costarum, Synidotea angulata, and Tubulanus polymorphus. Many of these were single collections from a site, however, and probably do not reflect real habitat preferences. Cheirimedeia zotea (t 74 = 1.97, p = 0.053) and Synidotea angulata (t 74 = 2.44, p = 0.017), however, exhibited significant seep preference. Capitella sp. was the only taxon found exclusively in seep sediments at each of the 3 shelf sites, and was absent in non-seep sediments (t 74 = 2.57, p = 0.012). The cumaceans Diastylopsis dawsoni (t 74 = 3.45, p < 0.001) and other Lampropidae (t 74 = 1.96, p = 0.054) were present in non-seep sediments but were proportionally better represented in seep settings. In addition, mysids were observed to concentrate over black patches emitting methane bubbles at Sites B and C. The mysids were abundant in slurp samples but rarely appeared in shipek grabs. Because they were demersal rather than infaunal, they were not included in the community analyses.
Although numerous species were collected in greater numbers outside of seeps, only the amphipods Rhepoxynius abronius (t 74 = 2.77, p = 0.007) and R. daboius (t 74 = 3.62, p < 0.001) were proportionally more abundant in non-seep than seep sediments.
Multidimensional scaling of macrofaunal assemblage data indicated significant compositional differences among the 3 shelf Sites A, B, and C, and between shelf and slope communities ( Fig. 2 ) (ANOSIM all pairwise comparisons p < 0.001). Within each shelf site, comparisons of seep and non-seep faunas by sampling gear type (slurp or shipek) revealed no differences ( (Table 5 ). Annelids were the dominant taxon, comprising about two-thirds of the seep infaunal collections. The most common species at both seep and non-seep sites were Mediomastus californiensis, Levinsenia gracilis, Nephtys cornuta, and various tanaids, amphipods, and ophiuroids. We observed potential differences in faunal abundance and biomass within and among clam beds (Table 6 ). The core from the most sulfidic sediments (clam bed 5) yielded infaunal densities 2.25 to 5 times higher than those in other clam patches or non-seep sediments (Table 6 ). Species or groups such as Ophryotrocha sp., oligochaetes, pyramidellid and other bivalves, amphipods and tanaids were more abundant or exclusively present in seep sediments, but the small number of inactive sediment sam-26 
Macrofaunal diversity
Rarefaction analyses, conducted to normalize species richness estimates for samples of different size, suggest there were few within-site differences in species richness between seep and non-seep sediments (Fig. 4) . On average, diversity was relatively high at all sites. Information (H ' [log 2 ], range 3.8 to 5.2) and evenness indices (J ', range 0.76 to 0.87), exhibited greater differences among shelf sites than between seep and non-seep sediments within a site (Table 7) . Diversity was remarkably similar at all shelf and slope sites except in Site C seep sediments, where species richness appeared lower (Fig. 4, Table 7 ). Here 3 species, Magelona sacculata, Nephtys californiensis, and Olivella pycna, comprised 48% of the macrofauna.
Macrofaunal nutrition
Seep and non-seep infauna exhibited similar δ 13 C and δ 15 N signatures within each of the 3 shelf stations (Table 8) A v e r a g e P e r c e n t a g e I n a c t i v e # 1 I n a c t i v e # 2
A v e r a g e P e r c e n t a g e A v e r a g e P e r c e n t a g e I n a c t i v e # 1
I n a c t i v e # 2
A v e r a g e P e r c e n t a g e consistent with a marine phytoplankton-based food chain. There was little evidence of lighter δ 13 C signatures that would indicate chemosynthetically derived food sources in shelf sediments. However, some of the capitellids, Mediomastus, Heteromastus and Capitella sp., and polychaetes in the genera Nephtys and Sternaspis, exhibited lower δ 13 C values (-19.2 to -23.0) than other infauna (Table 8 ). δ 15 N values were quite variable, probably reflecting a range of trophic levels, but did not differ among shelf sites.
Of the 19 infaunal invertebrates examined isotopically from clam beds on the slope, those from clam bed 1 exhibited lighter δ 13 C signatures (-24.6 ± 1.1) (Fig. 5) than those for individuals from clam bed 2 (-19.9 ± 0.3), or inactive sediments (-18.6 ± 0.6) (F 2, 25 ) = 12.93, p < 0.001). Macrofauna from clam beds 1 and 2 had lighter average δ 13 C signatures than those from shelf sites (F 3, 95 = 43.3, p < 0.001). A single dorvilleid polychaete, Dorvillea sp., had a very light δ 13 C signature (-33.5), suggestive of chemoautotrophic symbionts or selective feeding on free-living chemoautotrophic bacteria. δ 15 N values were variable (Fig. 5 ), but did not differ among clam beds and inactive sediments. However, δ 15 N values were considerably greater for slope macrofauna from the 2 clam beds and inactive slope sediments (Fig. 5 ) than for shelf macrofauna (Table 8 
Shelf
The few existing studies comparing seep to non-seep macrofauna have yielded varied results that differ with setting and taxon (Table 1) . At shelf depths, hydrocarbon seeps (Davis & Spies 1980 , Montagna et al. 1989 methane pockmarks (Dando et al. 1991 (Dando et al. , 1994 , and 'bubbling reef' sediments (Jensen et al. 1992 ) support many taxa typical of non-seep settings. Some seep specialists with chemosynthetic symbionts are present in these environments, but they are usually megafaunal (pogonophorans and thyasurid bivalves) or meiofaunal (nematodes). The northern California shelf and slope faunas characterized in this study do not appear to differ substantially from nearby non-seep assemblages. The most common infaunal taxa were present in both seep and non-seep sediments. Our data suggest that some rarer forms may select for or against seep settings on the shelf (Table 4) , but confirmation of habitat preferences would require additional collections. Like Vanreusel et al.'s (1997) multivariate comparisons of hydrothermal vent and non-vent nematode genera, we found greater similarity of macrofaunal communities in seep and non-seep sediments compared within shelf sites (A, B, or C) than among seep faunas at different sites (Fig. 2, Table 4 ). We speculate that shelf environmental properties such as flow, particle size or localized terrestrial inputs can have greater influence on infaunal community composition than methane seepage.
The regular presence of Capitella sp. in shelf seep sediments, and their absence in our non-seep samples, is consistent with known sulfide tolerances for the genus , Gamenick et al. 1998a . Capitella may cue to sulfides during settlement (Cuomo 1985) or may require sulfidic conditions for maximal growth (Tsutsumi 1997) . However, Capitella never comprised more than 5% of the shelf seep assemblage, and was absent in seeps on the slope (Table 4) . Amphipods in the genus Rhepoxynius are sensitive to sulfides (Knezovich et al. 1996) . Their apparent avoidance of seeps on the northern California shelf is consistent with this behavior. At Site A, the most quiescent and fine-grained of the shelf sites, the dominant taxa Lumbrineris sp., Mediomastus spp., and Nephtys cornuta together comprised > 41% of the seep fauna but only 13% of the non-seep fauna. These deposit-feeding taxa, capable of responding to sediment enrichment, contribute to higher dominance in seep than non-seep sediments.
Slope
The infaunal assemblage at the 500 m seep site was generally characteristic of North American upper slope sediments (Lissner et al. 1988 , Hyland et al. 1991 . Exceptions were the vesicomyid Calyptogena pacifica and lucinid bivalves, which are symbiont-bearing and characteristic of seep or oxygen minimum zone sediments (Sibuet & Olu 1998 . Together the polychaetes Mediomastus spp. and Levinsenia gracilis comprised over 25% of the infauna. Mediomastus spp. are typical of non-seep sediments, but usually occur at shallower depths than 500 m (Lissner et al. 1988) . Smith et al. (1998) studied infaunal community composition beneath and near another deep-water reducing environment, at whale falls in the Santa Catalina Basin (1240 m). As in the present study, they found little evidence of specialization on enrichment or sulfides.
Quantitative macrofaunal density estimates were available in the present study only for slope seep sediments. The average macrofaunal density at the 500 m seep (12 518 ind. m -2 ), was typical of bathyal margins of the Atlantic (Blake & Grassle 1994), Pacific (Lissner et al. 1988 , Hyland et al. 1991 , Vetter & Dayton 1998 and Indian Oceans (Levin et al. 1997 . Density differences among cores from different northern California clam beds could reflect differing levels of seepage in each bed. Clam bed 5, with high densities of Reduced macrofaunal diversity at methane seeps might be expected if sediments were physiologically stressful or were organically enriched settings (Levin & Gage 1998) . Reduced macrofaunal diversity has been reported from North Sea pockmarks (115 m) (Dando et al. 1991) and from hydrothermal settings in the Galapagos, at 21°N (2600 to 2700 m, Grassle et al. 1985) and in the Aegean Sea (5 to 10 m, Thiermann et al. 1997) . Vanreusel et al. (1997) noted reduced species diversity and greater dominance in nematode assemblages at hydrothermal vents in the North Fiji Basin. We did not observe any diversity reduction in most northern California shelf seep patches, except at Site C (35 m) (Fig. 4, Table 7 ). Hydrocarbon seeps off Santa Barbara (16 m) also did not exhibit reduced macrofaunal diversity (Montagna et al. 1989 ).
Do seep infauna exhibit nutritional specialization?
Food sources for the shelf and slope infauna on the northern California margin may include phytoplankton-based organic matter, terrestrial material deposited by Eel River flood events, and chemosynthetically derived organic matter. Marine phytoplankton in productive coastal waters typically have δ 13 C signatures between -15 and -23 at temperate latitudes (Fry & Wainright 1991) and approximately -19 on the Eel River slope (Leithold & Hope 1999) . Organic matter from the Eel River has a δ 13 C value of about -25 (Leithold & Hope 1999) , whereas invertebrates with symbiotic sulfur oxidizing or methane consuming bacteria may have δ 13 C signatures of -30 to -70 (Brooks et al. 1987 , Conway et al. 1994 . Based on average δ 13 C values, which are between -17 and -19 (Table 8) , shelf faunas of both seep and non-seep sediments appear to rely primarily on phytoplankton-based organic matter. This occurs despite the fact that terrestrial debris (twigs and wood chips) was visible in most sediment samples.
The absence of strong chemosynthetic contribution to nutrition of benthos appears to be a widespread feature of shallow water seeps and vents. Carbon isotopic studies of macrofauna in a North Sea methane seep revealed most fauna with δ 13 C signatures between -16 and -20, indicating little nutritional contribution of methane-derived carbon or sulfur oxidation (Dando et al. 1991) . Similar results were obtained for epifauna on carbonates produced at seeps in the Kattegat (10 to 12 m, Jensen et al. 1992) . Tissues of benthic fishes and crustaceans at a 132 m methane seep off Oregon exhibited detectable but very minor contributions of seep-associated C and N (Juhl & Taghon 1993) . The lesser dependence on chemoautotrophic-based food sources exhibited by shallow-water seep macrofauna, relative to those at deep-water seeps (Conway et al. 1994) , may result from the greater availability of photosynthetically produced food in shallow water.
On the Eel River margin, isotopic signatures of the slope fauna (Fig. 5) differ from those on the shelf (Table 8 ). The lighter δ 13 C and higher δ 15 N values for the slope organisms suggest one or more of the following scenarios: (1) organics derived from Eel River flood deposits may be a significant dietary component of infauna, (2) sulfur oxidizing or methanotrophic bacteria may be of nutritional importance in combination with a phytoplankton-based diet, and (3) the organic matter is derived from heavy, upwelled nitrogen, or is extensively reworked before reaching the slope, creating high δ 15 N values. Approximately 5% of the annual Eel River sediment discharge accumulates on the slope between 450 and 600 m (Alexander & Simoneau 1999), providing a ready source of lighter carbon and recycled nitrogen. Only a dorvilleid polychaete and presumably the clam Calyptogena pacifica (analyzed from this region by Kennicutt et al. 1989 ) exhibited the light δ 13 C values characteristic of chemosynthesis-based nutrition. However, the lighter δ 13 C of clam bed 1 infauna (Fig. 5 ) may indicate some reliance by other taxa on chemosynthetic bacteria. Overall, the slope observations suggest that there are nutritional differences among species, among seep sites (clam beds) on scales of 10s of meters, and between inactive and active sites.
Conclusions
Information about macrofaunal composition, density, diversity and trophic pathways suggests that methane seeps on the northern California continental shelf and slope do not support macrofaunal assemblages that are highly distinct from the ambient faunas. On the shelf, seep patches are small and may be ephemeral due to frequent, storm-induced disturbance and shifting of methane vent sites. Shelf seeps appear to be inhabited by a subset of the ambient shelf fauna that is tolerant of sulfidic conditions. The absence of typical seep epifauna (vesicomyid clams, vestimentiferan or pogonophoran tubeworms, and bacterial mats) suggests that the shelf seep habitats sampled were too small or short lived for trophic specialization to occur among infauna. In addition, the high mobility of many shelf organisms, particularly the crustaceans, might reduce the likelihood that they will remain localized within seep patches. Our sampling took place just following a major storm that resuspended bottom sediments on the shelf. Bacterial mats have been observed at Site B during summer by other investigators (Orange et al. 1997, Orange et al. pers. comm.) .
The slope seep macrofauna exhibited typical upper bathyal densities, taxonomic composition, and diversity patterns. A similar result has been obtained for foraminifera sampled at our same slope study site (Rathburn et al. 2000) . The seeps support several macrofaunal species that utilize either symbiotic or free-living chemosynthetic bacteria. However, the majority of infaunal taxa are carnivores or deposit feeders that probably utilize mainly terrestrial or marine organic matter of photosynthetic origin.
It would be premature to generalize these findings to other seep environments. Shelf and shallow bathyal faunas regularly encounter patches of disturbed, stressed or sulfidic sediments in non-seep circumstances, such as beneath large-animal or plant falls (Stockton & DeLaca 1982 , Smith et al. 1998 or within oxygen minimum zones (Gallardo et al. 1995 , Levin & Gage 1998 . Thus, at least some bathyal and shelf taxa may be preadapted to the geochemical conditions associated with seeps. Abyssal faunas, however, may be less likely to experience sulfidic or hypoxic conditions in the absence of seepage or venting. As a result, we predict that physiological, trophic, and morphological specialization, as well as shifts in community structure, are potentially more likely among seep infauna on the continental rise and abyss.
